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Summary 
The solution structure of a 24.4 kDa specific complex 
of the DNA-binding domain (DBD) of the human ETSl 
(hETS1) oncoprotein with a 17-mer DNA has been 
solved by NMR. The interaction of the hETS1 DBD 
with DNA reveals a surprising twist on the general fea- 
tures of helix-turn-helix (HTH)-DNA interactions. Ma- 
jor groove recognition involves the C-terminal two 
thirdsof the HTH recognition helix, while minor groove 
recognition occurs via true intercalation of the side 
chain of Trp-28, which extends from the minor to the 
major groove. This results in a sharp kink of - 60° and 
a widening of the minor groove over one-half turn of 
the DNA. The orientation of the HTH element of the 
hETS1 DBD with respect to the major groove is signifi- 
cantly rotated relative to other HTH proteins. These 
observations establish the ETS family of DNA-binding 
proteins as a distinct family of HTH proteins. 
Introduction 
The ets oncogene (v-e&) product was originally discovered 
as part of a fusion protein with GAG and MYB expressed 
by the E26 avian erythroblastosis virus (LePrince et al., 
1983; Nunn et al., 1983). Since then, a family of transcrip- 
tion factors (known as the ETS family), involved in a wide 
variety of biological processes, including growth control 
and development, transformation, and T cell activation, 
has been identified in species from Drosophila to humans. 
The common feature of ETS proteins is a well-conserved 
8.5 amino acid protein domain that binds specifically to 
DNA containing a (G/C)(AIC)GGAAGT consensus se- 
quence (Macleod et al., 1992; Wasylyk et al., 1993; Timms 
and Kola, 1994). The canonical member of the ETS family, 
human ETSl (hETSl), binds to and transactivates tran- 
scription from the human T lymphotrophic virus type 1 
(HTLV-I) and human immunodeficiency virus type 1 
(HIV-l) long terminal repeats; the immunoglobulin H, T 
cell receptor a (TCRa), and polyoma enhancers; and a 
variety of promoters, including CD4, stromelysin, GATA-1, 
glycoprotein IIB, and cytokeratin endonuclease A. 
The secondary structure of one member of the ETS 
family, murine ETSl (mETS1) (Donaldson et al., 1994) 
and the three-dimensional (3D) structure of another mem- 
ber, human FL11 (hFLI1) (Liang et al., 1994), had been 
elucidated by nuclear magnetic resonance (NMR), reveal- 
ing a helix-turn-helix (HTH) motif and an overall topology 
very similar to that of the catabolite gene activator protein 
(CAP) of Escherichia coli, but the 3D structure of an ETS 
domain-DNA complex had not been determined. 
To establish the molecular basisof specific DNA binding 
and recognition by the ETS family, we have solved the 
NMR solution structure of a 24.4 kDa specific complex of 
the DNA-binding domain (DBD) of hETS1 with a I7-mer 
DNA comprising the consensus sequence. Recognition 
of DNA occurs in both the major and minor grooves. The 
latter includes drug-like intercalation of a Trp side chain 
5’to the GGA portion of the consensus sequence, which 
results in local widening of the minor groove and a sharp 
-60° kink in the DNA. Recognition in the major groove 
is achieved by the second helix of the HTH motif. The 
orientation of the HTH motif in the major groove of the 
DNA is significantly different from that found in complexes 
of other HTH proteins. Thus, the structure of the nETS1 
DBD-DNA complex reveals new twists on the canonical 
HTH motif and displays several novel modes of protein- 
DNA recognition. The sharp kink in the DNA induced by 
the hETS1 DBD may facilitate the synergistic effect on 
transcriptional activation by hETS1 and several othertran- 
scription factors (Giese et al., 1995). 
Results 
Structure Determination 
The structure of the hETS1 DBD-DNA complex was 
solved by means of multidimensional heteronuclear- 
filtered and heteronuclear-edited NMR spectroscopy 
(Clore and Gronenborn, 1994), making use of the DNA 
17-mer at natural isotopic abundance (i.e., 12C and 14N) 
and uniformly (>98%) 15N- and iSN/‘3C-labeled hETS1 
DBD. The sequence of the 17-mer, (5’-dT,CGAGCCG- 
GAAGTTCGAI~).(~‘-~T&GAACTTCCGGCTCG&~), was 
obtained by in vitro selection experiments using the ~51 
isoform of hETS1 (Fisher et al., 1991). An example of 
the quality of the NMR data illustrating nuclear Overhau- 
ser effects (NOES) between protein and DNA is shown in 
Figure 1. 
The structure calculations were based on a total of 2395 
experimental NMR restraints. A summary of the structural 
statistics is provided in Table 1, and a best-fit superposition 
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Figure 1. Intermolecular NOE Contacts be- 
tween the hETS1 DBD and the 17-mer DNA 
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of the final 28 simulated annealing structures is shown in 
Figure 2. The N-terminal 24 residues are disordered in 
solution. Excluding these residues, the precision of the 
coordinates is 6.75 A for the protein backbone plus the 
DNA and 0.89 A for all protein atoms plus DNA. All the 
cp, w backbone torsion angles lie within the allowed region 
of the Ramachandran plot. 
Tertiary Structure of the hETS1 DBD 
The fold of the hETS1 DBD is similar to that of E. coli CAP 
protein (McKay and Steitz, 1981) and comprises three a 
helices, which include the HTH DNA recognition motif, 
and a four-stranded antiparallel 8 sheet (Figures 2 and 
3A). The ordered part of the molecule contains an N-ter- 
minal helix (H 1, residues 27-36) followed by a loop leading 
to the first two strands of the antiparallel 8 sheet (81, resi- 
dues 44-47; 62, residues 51-56). The loop between Hl 
and 81 appears to be stabilized by a putative hydrogen 
bond between the side chains of Asp-37 and Ser-39. The 
HTH motif is formed by helices 2 and 3 (H2, residues 59- 
66; H3, residues 76-86). Helix H3 is followed by the third 
and fourth strands of the sheet (83, residues 91-95; 84, 
residues 100-105). Helices Hl and H3 are N-capped by 
Gln-26 and Asn-7.5, respectively, with hydrogen bonds 
between Gln-26(Oc) and Gln-29(NH) and between Asn- 
75(05) and Lys-78(NH). Residues l-24 are poorly struc- 
tured in solution, but display NOES and backbone 3JHN, 
coupling constants that suggest helix propensity in this 
segment. The four-stranded 6 sheet is twisted, with the 
plane formed by 83 and 84 rotated - 30° relative to that 
formed by 61 and (32. Helix Hl lies on top of the four- 
stranded sheet and is oriented at right angles to helix H3. 
The orientation of helix Hl with regard to the underlying 
sheet is largely determined by hydrophobic packing of 
Leu-31, Leu-32, Leu-34, and Leu-35 onto the central hy- 
drophobic core of the hETS1 DBD formed by lie-44, 
Trp-46, Trpdl, Phe-53, Leu-55, Val-61, Trp-65, Tyr-76, 
Leu-79, Leu-83, lie-92, Tyr-100, Tyr-102, and Phe-104 
(Figure 3B). 
A best-fit Ca atom superposition of the hETS1 DBD HTH 
with that of CAP (Schultz et al., 1991) the ENGRAILED 
(EN) homeodomain (Kissinger et al., 1990), and HNF3l 
forkhead (HNFS; Clark et al.,01993) yields a root moean 
square (rms) deviation of 1.9 A for 26 residues, 2.2 A for 
27 residues, and 2.1 A for 13 residues, respectively. These 
differences are largely due to the fact that helix H3 of the 
hETS1 DBD exhibits a small - 5O bend centered around 
residues 80 and 81. This distortion of the recognition helix 
H3 arises as a result of the interaction of Arg-81 with the 
DNA bases of G12 and A22 and of Gly-82 with the bases 
of base pairs 10 and 11 (see below). 
The DBDs of mETS1 and hFLI1 have recently been 
studied by NMR (Donaldson et al., 1994; Liang et al. 1994) 
and their topology and secondary structure are essentially 
the same as that of the hETS1 DBD. While the mETS1 
DBD was studied in the absence of DNA (Donaldson et 
al., 1994), the solution structure of the hFLI1 DBD was 
solved in the presence of DNA (Liang et al., 1994). How-. 
ever, only a few NOE contacts between the hFLl1 DBD 
and DNA were observed, and, except in one instance, the 
DNA partners for these NOES were not assigned (Liang 
et al., 1994). Consequently, although a portion of the inter- 
action surface on the protein, including helix H3, could be 
identified, neither the orientation of the hFLl1 DBD on the 
DNA nor any base or sugar-phosphate contacts were as- 
certained; hence, only the structure of the hFLl1 DBD (i.e., 
in the absence of DNA) was calculated (Liang et al., 1994). 
Structure of the DNA Target Site 
Upon binding to the hETS1 DBD, a sharp -60’ kink is 
induced in the DNA helix between base pairs 6 and 7 as 
a result of the drug-like intercalation of the side chain of 
Trp-28 into the minor groove (Figures 38 and 4). The kink 
completely disrupts stacking at this base step and is ac- 
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Table 1. Structural Statistics 
Restraints <SA> WV 
Rms deviations from experimental distance restraints (Ar 
All (1710) 0.028 * 0.002 0.026 
Protein 
Interresidue sequential (Ii - j l = 1) (251) 0.016 f 0.005 0.013 
Interresidue short range (1 < Ii - j l zs 5) (176) 0.019 f 0.004 0.020 
Interresidue long range (Ii - jl) > 5) (269) 0.026 f 0.004 0.023 
lntraresidue (206) 0.005 f 0.003 0.008 
Hydrogen bonds (66) 0.049 f 0.006 0.050 
DNA 
lntraresidue (307) 0.012 f 0.001 0.012 
Sequential intrastrand (199) 0.016 f 0.003 0.014 
Interstrand (76) 0.031 f 0.004 0.027 
Hydrogen bonds (68) 0.075 * 0.003 0.073 
Protein-DNA (70) 0.045 f 0.004 0.047 
Rms deviations from experimental dihedral restraints (“) (419) 1.16 f 0.04 1.20 
Rms deviations from experimental 3J HNo coupling constants (Hz) (49)a 0.63 k 0.027 0.77 
Rms deviations from experimental ‘% shifts 
‘3Ca (wm) PO) 1.00 + 0.05 1 .oo 
‘3CP (wm) (77) 0.84 f 0.03 0.88 
DeviationsOfrom idealized covalent geometry 
Bonds (A) (2776) 0.006 f 0 0.008 
Angles (“) (5013) 1.503 * 0.004 1.519 
Impropers (“) (1469) 0.374 rt 0.028 0.446 
ELJ (kcal/mol)b -830 f 9 -821 
Coordinate precision (8) 
Protein backbone plus DNA 0.75 f 0.11 
All protein atoms plus DNA 0.89 + 0.09 
Protein backbone 0.36 + 0.06 
All protein atoms 0.81 f 0.06 
DNA 0.76 k 0.12 
The notation of the NMR structures is as follows: <SA> are the final 28 simulated annealing structures: %A is the mean structure obtained by 
averaging the coordinates of the individual SA structures best fitted to each other (with respect to residues 25-105 of the protein and base pairs 
2-16 of the DNA); (G)r is the restrained minimized mean structure obtained by restrained regularization of the mean structure a. The number 
of terms for the various restraints is given in parentheses. Note that as residues 1-9 are disordered in solution, the experimental restraints for 
the protein relate to residues 10-105. 
a None of the structures exhibited distance violations greater than 0.5 A, dihedral angle violations greater than 5O, or 3JHN, coupling constant 
violations greater than 2 Hz. 
b EL4 is the Lennard-Jones van der Waals energy calculated with the CHARMM PARAMI 9/20 protein and PARNAHl ERl DNA parameters (Brooks 
et al., 1983) and is not included in the target function for simulated annealing or restrained minimization. 
c The precision of the coordinates is defined as the average atomic rms difference between the 28 individual simulated annealing structures and 
the mean coordinates %. The values refer to residues 25-105 of the protein and base pairs 2-16 of the DNA. The first 24 residues of the protein 
are disordered in solution. 
companied by near complete disruption of hydrogen bond- 
ing at base pair 7. Neither C7 nor G28, however, flips out 
of the DNA helix, as evidenced by the observation 
of sequential NOES between C6(Hl’/H2’/H2”/H3’) and 
C7(H6) and between C27(Hlr/H2’/H2”/H3’) and G28(H8). 
The minor groove in the vicinity of the kink is widened to 
11.2 A, but returns to 7.2 A within three base steps 3’ to 
the kink and to 7.5 A within five base steps 5’to the kink. 
The major groove is severely compressed to 8.2 A at the 
site of intercalation, but recovers to 10.6 A within four base 
steps above and below the kink. Sugar puckers appear 
B-like spectroscopically (Clore and Gronenborn, 1985) 
and are either C2’-endo or C3’-exo, with the exception of 
the sugars of base pair 7, where the sugar pucker is Cl’- 
exo for C7 and C4’-endo for G28. Despite the widened 
minor groove, the DNA is not severely underwound over 
the entire length of the duplex. The average helical twist 
for base pairs l-6 is 33.3O & 5.5’, but is reduced to 
29.9O r 1.2O at base pairs 6-8. Above the kink, the aver- 
age helical twist is 32.5~~ + 4.6O for base pairs 8-10 and 
36.2O + 4.3O for base pairs 1 l-l 7. Thus, the DNA ap- 
pears B-like between base pairs 11-17 and slightly un- 
derwound between base pairs 8-10. This compares with 
a helical twist of 36O for canonical B-DNA and 30.9O for 
canonical A-DNA. 
Within the segment recognized by the hETS1 DBD in 
the major groove (GGAAGT, base pairs 8-13), the major 
groove is slightly compressed, with an 8O roll between 
base pairs 10 and 11 and a 17’ roll between base pairs 
11 and 12. This results in a modest overall bend between 
base pairs 8-17 of -loo toward the major groove. This 
compares with the - 13’ bend toward the major groove 
observed in the HNFS-DNA complex that uses an analo- 
gous HTH element to bind DNA (Clark et al., 1993). Over- 
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Figure 2. Stereoview Showing a Best-Fit Superposition of the 26 Simulated Annealing Structures of the Specific hETS1 DBD-DNA Complex 
The backbone (N, Ca, and C) atoms (residues 10-l 05) of the hETS1 DBD are shown in red, selected side chains that contact the DNA in yellow, 
and all nonhydrogen atoms of the DNA (base pairs l-17) in blue. 
all, the conformation of the DNA is best described as two 
moderately distorted B-DNA helices (base pairs l-6 and 
8-17) whose relative orientation is determined by a minor 
groove intercalating Trp, replacing the normal Watson- 
Crick base pair between C7 and G28. The atomic rms 
deviations between canonical B-DNA and base o pairs 
1-6 and 8-17 of the hETSl-bound DNA are 1.6 A and 
1.9 A, respectively. 
Figure 3. 3D Fold of the hETS1 DBD and Its 
Orientation Bound to the 17-mer DNA 
(A) Ribbon diagram of residues 27-105 of the 
hETS1 DBD, with 6 sheets shown as arrows 
and a helices as flat ribbons. 
(B) The packing of hydrophobic residues within 
the protein interior of the hETS1 DBD. The 
backbone is represented as a worm drawn 
through the Ca atoms (residues 27-105) in 
green; the side chains of residues Trp-26, Leu- 
31, Leu-35, he-44, Trp-46, Phe-53, Leu-55, Val- 
61, Trp-65, Tyr-76, Leu-79, Leu-63, Tyr-67, Ile- 
91, lie-92, His-93, Tyr-100, Tyr-102, and 
Phe-104 are shown in red. 
(C) Orientation of the hETS1 DBD on the DNA 
17-mer. The protein backbone is displayed as 
a worm drawn through the Ca atoms in green 
(residues 10-105); the DNA (base pairs 2-16) 
is represented as a flat ribbon for the phospho- 
diester backbone, red for the sense strand and 
purple for the antisense strand, for base pairs 
2-l 6; the DNA bases are shown as boxes, with 
C in purple, G in yellow, A in red, and T in blue; 
and the deoxyribose sugar rings are shown as 
white circles. 
Overall Description of the hETS1 DBD-DNA Complex 
The hETS1 DBD contacts the DNA target on one face 
of the double helix in both the major and minor grooves 
spanning a length of 9 bp (Figures 2 and 3C). Base-specific 
contacts in the major groove by helix H3 involve both hy- 
drophobic and charged residues and are primarily respon- 
sible for sequence-specific recognition of the GGAAGT 
portion of the consensus (Figure 4A). Minor groove recog- 
Ftrtcture of hETSl-DNA Complex 
Figure 4. Stereoviews of Side Chain Interactions between the hETS.1 DBD and the 17-mer DNA 
(A) Contacts between helix H3 and the DNA major groove at the CGGAAGT sequence (base pairs 7-13), viewed from the major groove. The 
hydrogen-bonded Trp-65 in helix H2 is also indicated to the right. 
(B) Contacts between the first turn of helix Hl and the CCG sequence (base pairs 6-E), viewed from the minor groove. 
(C) Molecular surface representation of the aromatic ring of Trp-28 (white) illustrating the degree of penetration and extent of base stacking of 
the protein side chain between base pairs 6 and 7, viewed from the major groove. 
The protein backbone is shown as a green worm, and protein side chains are displayed in red, G’C base pairs in blue, and A.T base pairs in 
yellow. The backbone of residues 75-86, 26-31, and 28 are shown in (A), (B), and (C), respectively. 
nition of the (GIC)(A/C) portion of the consensus is exclu- 
sively hydrophobic and involves the first turn of helix Hl 
(Figures 4B and 4C). In addition to base-specific contacts 
in both grooves, numerous contacts are observed with the 
phosphodiester backbone. The orientation of the hETS1 
DBD on the DNA was unambiguously established by the 
observation of NOES between Gln-26, Leu-27, and Trp-26 
and the bases of C6, C7, and G29 and between Lys-69, 
Arg-81, Gly-82, Arg-84, Tyr-85, and Tyr-86 and the sugars 
and bases of base pairs 8-l 2 (Figures 4 and 5). Represen- 
tative NMR spectra illustrating some of these interactions 
are shown in Figure 1. 
Upon binding to DNA, there is an overall reduction of 
- 1100 2 (corresponding to a 15% reduction) in the ac- 
cessible surface area of the hETS1 DBD and a decrease 
of -9 kcallmol in the solvation free energy of folding 
(Eisenberg and McLaghlan, 1986). This hydrophobic ef- 
fect can clearly make a sizeable contribution to the ob- 
served equilibrium constant (3 nM; R. J. F., unpublished 
data). 
Contacts between the hETS1 DBD and DNA 
Base-specificcontacts between the hETS1 DBD and DNA 
are predominantly hydrophobic. In the minor groove, rec- 
ognition at the site of intercalation is achieved by the aro- 
matic ring of Trp-28 that stacks over base pair 6, displacing 
base pair 7. The intercalating Trp is conserved in all but 
one ETS family member (Macleod et al., 1992) and re- 
mains part of helix H 1 in the absence of DNA (Donaldson et 
al., 1994; Liang et al., 1994). Interestingly, the association 
rate constant for the formation of the hETS1 DBD-DNA 
complex is slow (1.5 x lo6 M-W’; Ft. J. F., unpublished 
data), consistent with that found in the case of the TATA 
box-binding protein (TBP) (Hoopes et al., 1992) which 
also has aromatic residues that intercalate into the DNA 
(Kim et al., 1993a, 1993b). The stacking interactions be- 
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Major Groove Minor Groove Figure 5. Summary of the Contacts between 
the hETS1 DBD and the 17-mer DNA 
The DNA is represented as a cylindrical projec- 
tion viewed from either the major or minor 
groove, as indicated. The bases are depicted 
as thick lines in the major groove and as thin 
lines in the minor groove with the deoxyribose 
sugar rings as pentagons and the phosphates 
as stippled circles. Hydrogen bonds involving 
aromatic side chains are shown as broken 
lines. 
tween the Trp ring and the C6.G29 base pair are reminis- 
cent of the intercalating DNA-binding drugs (Geierstanger 
and Wemmer, 1995) and help to maintain a largely 6 helix 
conformation for the first 6 bp in the complex, despite local 
widening of the minor groove (Figures 46, 4C, and 5). 
Intercalation of Trp-28 largely disrupts interstrand hydro- 
gen bonding between C7 and G28 and introduces a 48O 
roll between base pairs 6 and 7. The bases of C7 and 
G28, however, are not “flipped out” of the DNA helix. In- 
stead, they make hydrophobic contacts with Trp-28 and 
the methyl groups of Leu-27. G28 is also held within the 
helix by electrostatic interactions with the indole hydrogen 
of Trp-28 (Figures 4B and 4C). An additional feature con- 
straining C7 within the DNA helix is the face-on packing 
of the aromatic ring of Tyr-86 in the major groove against 
the face of the pyrimidine ring of C7 accompanied by a 
hydrogen bond between the hydroxyl group of Tyr-86 and 
the phosphate of C7 (Figure 4B). 
Four residues of helix H3 make base-specific contacts 
in the major groove. The N%H3+ group of Lys-78 contacts 
the N7 atom of Al 0, while the guanidinium group of Arg-81 
contacts the 06 atom of G12 and the N7 atom of A22. 
The aromatic ring of Tyr-85 is oriented orthogonal to the 
base plane of base pairs 10 and 11 and is packed against 
the methyl groups of T24 and T25 (Figures 4A and 5). 
Gly-82 makes hydrophobic contacts with base pairs 10 
and 11. These amino acids comprise the recognition ele- 
ments of the GGAA portion of the consensus sequence. 
There are also numerous hydrophobic and electrostatic 
interactions with the sugar-phosphate backbone of the 
DNA. Lys-69, Asn-70, and Asn-90 form salt bridges (or 
hydrogen bonds) with the phosphates of Al 0, Al 1, and 
G8, respectively, on the sense strand, while Gln-26 and 
Arg-84 interact with the phosphates of G30 and C23, re- 
spectively, on the antisense strand (Figures 4 and 5). 
Three hydrogen bonds are observed between aromatic 
amino acids and phosphates of the DNA. The hydroxyl 
groups of Tyr-85 and Tyr-86 interact with the phosphates 
of T25 and G8, respectively, while the N&H indole proton 
of Trp-65 forms an unusual hydrogen bond to the phos- 
phate of G9 (Figure 4A). This latter contact is apparent 
from the >l ppm downfield shift in the resonance of this 
indole proton upon DNA binding, indicative of hydrogen 
bond formation. Finally, the remaining contacts are hy- 
drophobic, involving the sugar of C7 interacting with 
Leu-31 and Tyr-86, the sugar of G8 with Leu-27 and Leu- 
83, the sugar of G9 with Leu-79, the sugar of A10 with 
the aliphatic portion of Lys-78, the sugar of A22 with the 
aliphatic portion of,Arg-81, the sugars of T24 and T25 with 
Tyr-85, and the sugar of G29 with the aliphatic portion of 
Gln-26 (Figure 5). 
Discussion 
Comparison with Biochemical Data 
Hydroxyl radical protection and ethylation interference 
data on complexes of the related ETS family members 
hFLl1, mETS1, GA-binding protein, and Pu.1 (Nye et al., 
1992; Galson et al., 1993; Gunther and Graves, 1994) sug- 
gest that the DNA backbone is strongly protected against 
chemical modification or cleavage in the vicinity of the 
minor and major groove contact zones observed in the 
hETS1 DBD-DNA complex, consistent with the structural 
observations described. There is a modest enhancement 
in radical cleavage at base pairs 1 O-l 2, presumably owing 
to the slight bend in the DNA toward the major groove as 
a consequence of the helix H3 interactions, as well as 
radical cleavage enhancement at base pair 7 due to minor 
groove intercalation and kinking. Methylation interference 
dataon the mETS1 and Pu.1 complexes (Nye et al., 1992; 
Galson et al., 1993) indicate that methylation of G8, G9, 
and G29 in the major groove preclude complex formation. 
These observations are readily understood in terms of ste- 
ric interference with the extensive contacts formed by helix 
H3 with G8 and G9 in the major groove and by steric clash 
with the stacking of Trp-28 over G29 as a consequence 
of minor groove intercalation (Figures 4 and 5). As no con- 
tacts were observed in the minor groove 3’to the GGAAGT 
Structure of hETSl-DNA Complex 
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consensus, modification of Al 1 and A22 (base pairs 11 
and 13, respectively) appears to be a more subtle effect, 
perhaps related to the roll of the DNA between base pairs 
11-13 that may be precluded when the adenine is alkyl- 
ated at the N3 position. A22 is propeller twisted toward 
the guanidinium group of Arg-81, which, again, may not 
be possible after methylation of this base in the minor 
groove. 
The effects of site-specific mutations in hETS1 (Mavro- 
thalassitis et al., 1994) and hFLl1 (Liang et al., 1994) can 
also be rationalized from the structure of the hETS1 DBD- 
DNA complex. Many of the reported mutants in hETS1 
affect the extensive hydrophobic packing within the cen- 
tral core of the molecule (Figure 3B); in particular, muta- 
tions such as Phe-43+Ser, lie-44+Thr, Thr-47-+lle, Phe- 
53+Leu, Ala-62+Val, Tyr-76-Cys, and Phe-104+Leu 
may not be tolerated, as they destabilize the hydrophobic 
core through the introduction of either a polar residue or 
a hydrophobic residue of different size. It is interesting to 
note that several of these mutants convert an aromatic 
amino acid for one that is branched, implying that the ge- 
ometry of the aromatic ring interactions within the protein 
interior is highly restricted. A similar conclusion can be 
drawn for the lie-91+Thr and lie-92tThr mutations, as 
these residues form part of an additional region of exten- 
sive hydrophobic interactions comprising Leu-83, Tyr-87, 
lie-91, lle-92, and His-93 (Figure 38). The Asp-57*Gly 
mutation disrupts electrostatic or hydrogen bond interac- 
tions (or both) between Ser-56 and Arg-99, thereby desta- 
bilizing the loop between strand 82 and helix H2. The Arg- 
64-Gly mutation has a similar effect on the electrostatic 
interactions with Glu-60 and may also affect the orientation 
of the N-terminus owing to loss of a contact with Tyr-19, 
perhaps resulting in the disordered N-terminal 24 amino 
acids sterically interfering with the presentation of Trp-28 
to the minor groove for intercalation. Random mutagene- 
sis of Lys-69 and Arg-81 result in complete loss of DNA 
binding by hETS1, as do the Arg84-+Lys, Asp, Asn, and 
Glu mutations and the Tyr85-+Asn and Val mutations in 
hFLI1, consistent with the role observed for these residues 
in phosphate and base contacts in the major groove (Fig- 
ures 4 and 5). The structure of the hETS1 DBD-DNA com- 
plex, however, cannot readily explain the importance of 
Lys-71. Random mutagenesis at this position reduces 
DNA binding by 90% (Mavrothalassitis et al., 1994) yet 
no DNA contacts were observed for this residue. The reso- 
nances of Lys-71 in the complex, however, could not be 
assigned beyond the Cj3 position owing to line broadening. 
Model calculations suggest that a small 1 O”-20° tilt in the 
loop between helices H2 and H3 would permit the direct 
interaction of Lys-71 with the phosphate of AlO, perhaps 
accounting for its importance in DNA binding. 
The hETS1 DBD Is a Novel HTH 
Motif-Containing Protein 
Despite the structural similarities betweeen the DBDs of 
CAP and hETS1, it is clear that these proteins recognize 
DNA in a dramatically different manner (Figures 6A and 
66). Indeed, the hETS1 DBDand CAP DBD utilizedifferent 
surfaces to bind DNA. The C-terminal two thirds of the 
recognition helix H3 of the hETS1 DBD forms the bulk of 
the contacts in the major groove, and no minor groove 
contacts are made by the loop between strands 83 and 
84, which is pulled away from the interaction surface by 
the packing of Tyr-100, Tyr-102, and Phe-104 into the hy- 
drophobic core. In contrast, the CAP DBD utilizes the 
N-terminal first turn of its recognition helix H3 for major 
groove binding, and the 83-84 loop contacts the minor 
groove 5’ to helix H3, contributing to the stabilization of 
the bend toward the minor groove. In the case of both 
DBDs, the N-terminus of the first helix is involved in the 
distortion of the DNA conformation, but in an entirely differ- 
ent manner. Leu-27 and Trp-28 at the N-terminus of helix 
Hi of the hETS1 DBD cross the recognition helix H3 at 
its C-terminus and kink and roll the DNA with major groove 
compression and minor groove expansion as a conse- 
quence of intercalation of the side chain of Trp-28. In con- 
trast, Val-139 and Thr-140 at the N-terminus of helix Hl 
in the CAP DBD cross helix H3 near its N-terminus and 
hydrogen bond to the phosphodiester backbone 3’to the 
site of the helix H3 interactions. Despite these entirely 
different interactions with the DNA, the size of the kink 
(- SOO) introduced by the hETS1 DBD monomer is similar 
to that induced by a CAP DBD monomer (- 50°) (Schultz 
et al., 1991). This reflects the tremendous versatility of 
protein-DNA interactions. 
A number of parallels to the eukaryotic homeodomain 
family of transcription factors are also observed in the 
hETS1 DBD-DNA complex (Figures 6A and 8C). The sec- 
ond helix of the HTH in the EN homeodomain (helix H3) 
is nearly fully inserted into the major groove, crossing the 
base planes orthogonally at an angle of - 20°. Although 
the analogous helix is shorter in the hETS1 DBD, it is 
oriented in a similar fashion within the major groove, tilted 
relative to the base planes by - 10’. In both families, con- 
tacts within the major groove are equally distributed 
among electrostatic and hydrophobic interactions and oc- 
cur with the central three turns of the helix. For example, 
a highly conserved Trp (Trp-48) in helix H3 of EN makes 
electrostatic contacts with the DNA backbone (Kissinger 
et al., 1990). The analog of this interaction in the hETS1 
DBD-DNA complex is Trp-65 in helix H2, which forms an 
unusual hydrogen bond with the phosphate of G9 and is 
an invariant residue in the ETS family. Base recognition 
of adenine in EN is mediated by hydrogen bonds with 
an invariant Asn (Asndl); in ETS, adenine recognition is 
achieved by the NIH3+ amino group of a conserved Lys 
(Lys-78). Similarly, thymidine is recognized by hydropho- 
bic amino acids, namely an Ile in EN and a Tyr in the 
hETS1 DBD. These similarities can be contrasted with the 
prokaryotic HTH domains, such as the CAP DBD, that 
utilize the N-terminal first turn of helix H3 for base-specific 
recognition by predominantly electrostatic interactions 
(Pabo and Sauer, 1992). 
Despite these similarities to the eukaryotic HTH motif 
proteins, several features distinguish ETS proteins as a 
distinct family. Comparison of the docking arrangements 
of the the DBDs of hETS1, CAP, EN, and HNF3 on the 
DNA (Figure 6) reveals that the hETS1 DBD is rotated 
90° counterclockwise relative to EN and HNF3 and 135O 
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Figure 8. Comparison of the Docking Arrange- 
ment of Four HTH Motif DNA-Binding Proteins 
on DNA 
The DBDs of hETS1 (A), CAP (Schultz et al., 
1991) (B), HNF3 (Clark et al., 1993) (C), and 
EN homeodomain (Kissinger et al., 1990) (D) 
areviewed down the axisof helix H3 (the recog- 
nition helix), with the backbone of each protein 
domain represented as a worm and all nonhy- 
drogen atoms of the DNA as sticks. The HTH 
element of each domain is shown in yellow. 
relative to the CAP DBD. This rotation of the hETS1 DBD 
relative to the three other proteins brings the loop between 
helices H2 and H3 over the phosphodiester backbone in 
a manner more like that found in CAP and the h repressor 
(Pabo and Sauer, 1992) thereby permitting direct contact 
with the DNA of residues in the loop of the hETS1 DBD 
(Lys-69 and possibly Lys-71) as well as residues in helix 
H2 (notably Trp-65). In EN and HNFS, helix H2 is distant 
from the DNA and does not make direct contacts (except 
for Leu-142at the N-terminusof helix H2 in HNF3)(Figures 
6C and 6D). Of course, the most distinguishing feature of 
the hETS1 DBD-DNA complex is the true minor grove 
intercalation of a protein side chain in which Trp-28 dis- 
places base pair 7 and stacks over base pair 6 in a manner 
reminiscent of,intercalative DNA-binding drugs. Interest- 
ingly, the overwhelming majority of drugs that bind in the 
minor groove form hydrogen bonds with the DNA bases 
on the floor of the groove in lieu of intercalation between 
the bases (Geierstanger and Wemmer, 1995). Although 
actinomycin D and thiotropsin intercalate with minor 
groove base recognition, intercalation is not accommpa- 
nied by loss of DNA base stacking despite significant wid- 
ening of the minor groove. Base recognition by these drugs 
is accomplished either by hydrogen bond formation with 
the 2 amino group of guanosine, as in the case of actinomy- 
tin D, or by steric avoidance of this group, as in the case 
of thiotropsin. Intercalation by Trp-28 of the hETS1 DBD 
is accompanied neither by hydrogen bonding to the bases 
of the two C. G base pairs nor by steric avoidance of these 
base pairs. The Trp side chain and the bulky head of helix 
Hi simply push a base pair out of the way (base pair 7) 
and open the minor groove to gain access to the base 
pair below (base pair 6) (Figures 48 and 4C). The lack of 
hydrogen bond involvement with the recognition of the 
intercalation site reflects the relatively weak sequence re- 
quirementsat base pair7, which isasoftenA.Tas it isC.G 
in vivo (Wasylyk et al., 1993), despite the overwhelming 
preference for C.G in in vitro binding site selection experi- 
mentswith hETS1 (Fisheret al., 1991; Wottonet al., 1994). 
The interaction at the site of intercalation is a complex 
packing of aromatic and aliphatic protein side chains and 
DNA bases in both grooves that physically prevents expul- 
sion of the disrupted base pair through hydrophobic inter- 
actions. 
Side Chain Intercalation by DNA-Binding Proteins 
The observation of true protein side chain intercalation by 
hETS1 represents perhaps the most extreme example 
of side chain intercalation by a DNA-binding protein. The 
3D structures of the protein-DNA complexes of the hu- 
man testis-determining factor SRY (Werner et al., 1995), 
lymphoid enhancer factor 1 (LEFl; Love et al., 1995), 
Haelll methyltransferase (Reinisch et al., 1995) TBP (Kim 
et al., 1993a, 1993b), and the purine repressor protein 
$tr;cture of hETSl-DNA Complex 
PurR (Schumacher et al., 1994) illustrate that partial inter- 
calation of methyl groups (Leu, Ile, or Met) or aromatic 
rings (Phe) can be utilized to either drive the distortion of 
the DNA helix, as observed in SRY, LEFl , TBP, and PurR, 
or to stabilize a distorted DNA structure, as in the case 
of Haelll. Intercalation by SRY, LEFl, TBP, and PurR is 
best described as partial intercalation by a protein side 
chain as the DNA bases are largely unstacked at the inter- 
calation site, but remain hydrogen bonded, and the inter- 
calating side chain does not “pass through” to the major 
groove or completely stack over the DNA bases, presum- 
ably owing to steric restraints associated with the distorted 
DNA structure. Intercalation by a side chain of Haelll, on 
the other hand, partially fills a hole in the DNA helix caused 
by the flipping out of a cytosine residue into the enzyme 
active site. Although the approach in Haelll is from the 
major groove, the intercalating Ile stacks over a guano- 
sine, but does not penetrate deeply into the groove (Rein- 
isch et al., 1995). hETS1 is an example of a protein that 
intercalates a side chain that stacks over the DNA bases 
and penetrates the DNA from the minor to the major 
groove. The Trp ring is deeply inserted into the DNA bases 
as seen by experimental contacts between the Trp ring 
and DNA moieties in the minor and major groove (Figures 
1, 48, and 4C). The resultant distortion of the DNA struc- 
ture in the hETS1 DBD-DNA complex is localized to the 
site of intercalation as a significant kink. This effect is simi- 
lar to that observed for the Ile intercalation into the hole 
of Haelll-bound DNA, where the DNA structure is severely 
distorted locally, but returns to more or less normal param- 
eters of a B-DNA helix outside the site of intercalation. In 
contrast, the partial intercalation of side chains in SRY, 
LEFl;?BP, and PurR serve globally to distort the DNA 
structure over at least a full turn of the DNA helix. 
Implications for Transcriptional Activation by hETS1 
Transcriptional activation by ETS domain proteins is often 
associated with the binding of asecond coactivator protein 
at a site adjacent to the ETS-binding site. For example, 
hETS1 actssynergisticallywith SPI atthe ETS-responsive 
element in the HTLV-I long terminal repeat, and the forma- 
tion of an ETS-SPl-DNA tertiary complex is required for 
efficient transactivation (G6gonne et al., 1993). Efficient 
binding of ELK1 (Hill et al., 1993) and SAP1 (Dalton and 
Treisman, 1992) (both ETS family members) to the c-fos 
serum response element is dependent on the binding of 
the serum response factor protein to a site adjacent to the 
ETS-binding site, an association that has been suggested 
to be instrumental for the response of c-fos to at least 
some extracellular stimuli (Graham and Gilman, 1991). 
The observation of a dramatic 60° kink in the hETS1 DBD- 
DNA complex provides a structural basis for beginning to 
understand the spatial relationships between ETS pro- 
teins and the coactivators they associate with in vivo. Al- 
though the coactivator-binding site is often adjacent to that 
of ETS, ETS has been shown in vitro to bind cooperatively 
with the coactivator even when the coactivator site has 
been separated from the ETS site by as much as 33 bp 
(Wotton et al., 1994). The implication, therefore, is that 
protein-induced DNA distortion by ETS can create a struc- 
tural environment in which the tertiary nucleoprotein com- 
plex can be assembled. Thus, it appears that ETS domain 
proteins, either alone or together with other proteins, can 
play an accessory role as an architectural element in gene 
activation. In at least one case, the TCRa enhancer, syn- 
ergy in DNA distortion is likely to play a role (Giese et al., 
1995). The TCRa enhancer contains binding sites for both 
LEFl and hETS1. LEFl has been shown to bend DNA by 
- 1 30° (Love et al., 1995) and is a protein analogous to 
the human testis-determining factor SRY. The structures 
of both the SRY-DNA and LEFl-DNA complexes reveal 
a dramatic bending of the DNA concomitant with helical 
unwinding (Werner et al., 1995; Love et al., 1995). Thus, 
simultaneous binding at the TCRa enhancer by LEFl and 
hETS1 with synergistic bending and kinking of the DNA 
may create an overall structural framework in which the 
multiprotein complex can assemble and transactivate 
gene expression. 
Experimental Procedures 
Sample Preparation 
The hETS1 DBD used in the present study comprises residues 31 l- 
415 of the p51 isoform of the hETS1 protein (Fisher et al., 1991). 
An additional 26 amino acids were added onto the N-terminus for 
purification purposes as a His tag (Fisher et al., 1994). In this paper, 
the first Arg of the hETSl sequence (residue 311) is numbered as 
residue 1. The hETSl DBD, uniformly (>98%) labeled with either ‘5N 
or 13C and lsN, was expressed in minimal medium using ‘5NH4Cl,‘3Cs- 
glucose, or both as the sole nitrogen and carbon sources, respectively, 
and was purified as previously described (Werner et al., 1994) with 
minor modifications. The DNA strands were synthesized and purified 
by standard procedures. 
The complex was formed by mixing denatured protein with duplex 
DNA at room temperature and refolded by gel filtration chromatogra- 
phy as described by Werner et al. (1994). This was necessitated as 
this hETSl DBD construct is expressed as an inclusion body and is 
very poorly soluble in the absence of DNA or in the unfolded state. 
The efficacy of the folding protocol was verified by the observation 
that full-length isoforms of hETS1 (either p.51 or ~42) containing nine 
Cys residues were refolded with the identical protocol and displayed 
the same DNA binding properties as those of both the full-length hETS1 
isoforms isolated from CEM nuclear extracts and the hETS1 DBD used 
in thisstudy(Werner et al., 1994); that the folds of related ETS domains 
in the absence of DNA (Donaldson et al., 1994; Liang et al., 1994) are 
the same as that of the hETS1 DBD reported here; and that the DNA 
is not exposed to a concentration of denaturant that would dissociate 
the strands as determined by gel filtration and ion exchange chroma- 
tography. 
The dilute complex solution was concentrated such that the sam- 
ples used for the NMR experiments contained 1 .l mM of the hETS1 
DBD, 1.17 mM duplex DNA 17-mer, 5 mM imidazole, 5 mM NaNaand 
50 flM Na2-EDTA, 2 mM DTT (pH 6.8) in either degassed 100% D20 
or degassed 95% H20, 5% DzO. 
NMR Spectroscopy 
All NMR experiments were carried out at 32OC on either a Bruker 
AMX500 orAMX6OOspectrometer equipped with az-shielded gradient 
triple resonance probe. The sequential assignment of the ‘H, ‘3C, and 
15N chemical shifts of the hETS1 DBD in the complex was achieved by 
means of through-bond heteronuclear correlations along the backbone 
and side chains using the following 3D experiments: ‘SN-separated 
HOHAHA, HNHA, CBCANH, CBCA(CO)NH, HBHA(CO)NH, C(CO)NH, 
H(CCO)NH, HCCH-COSY, and HCCH-TOCSY. Details of these, as 
well as the multidimensional heteronuclear-separated and hetero- 
nuclear-filtered NOE experiments, are provided in reviews by Bax and 
Grzesiek (1993) and Clore and Gronenborn (1991, 1994). 3J,,,,., 3Jcc, 
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3JcuN, 3Jc,c0, ‘JNHp, and 3Jcona coupling constants were obtained byquan- 
titative J correlation spectroscopy(Baxet al., 1994). Sequential assign- 
ments of the exchangeable and nonexchangeable protons of the DNA 
in the complex were obtained by standard procedures (Clore and Gro- 
nenborn, 1985) using 2D ‘*C-filtered NOE (mixing times, 85 and 185 
ms) and homonuclear Hartmann-Hahn spectra in D,O and using a 
conventional 2D NOE spectrum (mixing time, 155 ms) in Hz0 recorded 
with a 1-l semiselective excitation pulse. NOES involving protons of 
the protein were obtained from 3D lSN-separated, 3D ‘%-separated, 
and 4D ‘%/“C-separated NOE spectra (mixing times, 80 and 150 ms, 
80 ms, and 80 ms, respectively). NOES specifically between nonex- 
changeable protein protons and DNA protons were identified in 3D 
%-separated and ‘*C-filtered NOE spectra (mixing times, 75 and 155 
ms) recorded in D20. 
Structure Calculations 
Approximate interproton distance restraints were derived from the mul- 
tidimensional NOE spectra essentially as described previously (Wer- 
ner et al., 1995). NOES within the protein and between the protein and 
DNA were grouped into four distance ranges, 1.8,2.7 A (1 Z-2.9 A 
for NOES involving NH protons), 1.8-3.3 Ali .8-3.5 A for NOES involv- 
ing NH protons), 1.8-5.0 A, and 1.8-6.0 A, corresponding to strong, 
medium, weak, and very weak NPEs. NOEs within the DNA we!e 
classified into five ranges 1.8-2.5 A, 1.8-3.0 A, 1.8-3.5 A, 2.3-5.0 A, 
and 3.5-8.0 A, corresponding to strong, medium-strong, medium, 
weak, and very weak NOES. Distances involving methyl groups, aro- 
matic ring protons, and nonstereospecifically assigned methylene pro- 
tons were represented as a (Zr-5)-1’B sum. Protein backbone hydrogen 
bonding restraints (rNH.O = 1.5-2.8 A, rNeO = 2.4-3.5 A) within areas 
of regular secondary structure were introduced during the final stages 
of refinement. Hydrogen bonding restraints within the DNA were used 
to maintain base pairing as given by Werner et al. (1995). For base 
pair 7 (which is displaced by the intercalation of Trp-28 between base 
pairs 6 and 7), the base pairing restraints were~relaxed as follows: 
rGcNlr.Cp3, = 2.75-8.15 A, rG(H,I-qN3, = 1.75-5.15 A, rG,06).BN4j = 2.71- 
6.11 A, rG(OBj-C(HN) 7 1.71-5.11 A, r ~~~~~~~~~~ = 2.66-6.06 A, and rG(HN)- 
c(o~) = 1.66-5.06 A. 96 cp, 23 w, 72 x1, and 32 x2 (16 aromatic and 
16 aliphatic) torsion angle restraints were derived fom the NOE and 
coupling constant data as described by Clore and Gronenborn (1994), 
while 162 broad torsion angle restraints, covering the values character- 
istic for both A- and B-DNA, were also employed for the DNA backbone 
to prevent problems associated with local mirror images (Werner et 
al., 1995). In addition, the 6 angles were restrained to 145” f 15O, 
based on NOE observations that the sugar pucker conformation was 
unambiguously B-like for 15 of 17 base steps (Clore and Gronenborn, 
1985). The structures were calculated with the program X-PLOR 3.1 
(BrOnger, 1993) using the hybrid distance geometry dynamical- 
simulated annealing protocol (Nilges et al., 1988) as described by 
Werner et al. (1995). The target function that is minimized during simu- 
latedannealingand restrained regularizationcomprisesonlyquadratic 
harmonic potential terms for covalent geometry, 3JHN, coupling con- 
stant and secondary ‘%a and ‘%8 chemical shift restraints, square- 
well quadratic potentials for the experimental distance and torsion 
angle restraints, and a quartic van der Waals repulsion term for the 
nonbonded contacts. There were no hydrogen bonding or electrostatic 
or 6-12 Lennard-Jones empirical potential energy terms in the target 
function. 
Structural DNA parameters were calculated with the program 
CURVES (Lavery and Sklenar, 1989). The width of the minor groove 
is defined as the minimum 04’-04’distance across the groove minus 
2.8 A (for the sum of the van der Waals radii of two oxygen atoms). 
Structures were displayed with the programs GRASP (Nicholls et al., 
1991) and MOLSCRIPT (Kraulis, 1991). 
ThecoordinatesofthehETSl DBD-DNAcomplexandthecomplete 
list of experimental NMR restraints and ‘H, 15N, and j3C assignments 
have been deposited in the Brookhaven Protein Data Bank. The coordi- 
nates may also be obtained from G. M. C. by e-mail at clore@vger. 
niddk.nih.gov. 
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